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ABSTRACT
Based on current models of the Cosmic X-ray Background (CXB), heavily obscured Active Galactic
Nuclei (AGN) are expected to make up ∼ 10% of the peak emission of the CXB and ∼ 20% of the
total population of AGN, yet few of these sources have been recorded and characterized in current
surveys. Here we present the Chandra follow-up observation of 14 AGN detected by Swift-BAT. For
five sources in the sample, NuSTAR observations in the 3–80 keV band are also available. The X-ray
spectral fitting over the 0.3–150 keV energy range allows us to determine the main X-ray spectral
parameters, such as the photon index and the intrinsic absorption, of these objects, and to make
hypotheses on the physical structures responsible for the observed spectra. We find that 13 of the 14
objects are absorbed AGN, and one is a candidate Compton thick AGN, having intrinsic absorption
NH > 10
24 cm−2. Finally, we verified that the use of NuSTAR observations is strategic to strongly
constrain the properties of obscured AGN, since the best-fit values we obtained for parameters such
as the power-law photon index Γ and the intrinsic absorption NH changed sometimes significantly
fitting the spectra with and without the use of NuSTAR data.
Keywords: galaxies: active – galaxies: nuclei –X-rays: galaxies
1. INTRODUCTION
Active Galactic Nuclei (AGN, both of the absorbed
and unabsorbed type) can explain most of the Cosmic
X-ray Background (CXB) emission, i.e., the diffused X-
ray emission observed in the 1 to ∼200–300 keV energy
range (Alexander et al. 2003; Gilli et al. 2007; Treis-
ter et al. 2009). Below 10 keV the CXB emission has
been almost entirely resolved using 0.5–10 keV instru-
ments like Chandra (see, e.g., Cappelluti et al. 2017).
In this energy range, the CXB emission is predomi-
nantly produced by unobscured (i.e., having absorbing
column density NH< 10
22 atoms cm−2) or Compton
thin (1022 < NH < 10
24 cm−2) AGN. However, mov-
ing towards higher energies the scenario changes signifi-
cantly: in fact, only ∼30 % of the CXB peak emission (at
∼30 keV Ajello et al. 2008a) has been directly resolved
(Aird et al. 2015; Civano et al. 2015; Mullaney et al. 2015;
Harrison et al. 2016), using the Nuclear Spectroscopic
Telescope Array (NuSTAR Harrison et al. 2013). Fur-
thermore, the observed fraction of the so-called Comp-
ton thick (CT, NH > 10
24 cm−2) AGN (fCT ∼5-10%,
see, e.g., Comastri 2004; Della Ceca et al. 2008; Burlon
et al. 2011; Vasudevan et al. 2013; Ricci et al. 2015), that
are predicted to be significant contributors to the CXB
peak, is still below the model predictions (∼10-35 %, see,
e.g., Gilli et al. 2007; Treister et al. 2009).
The discrepancy between the models predictions and
the observed fraction of CT-AGN is most likely due to an
observational bias in current surveys. Indeed, in heavily
obscured sources Compton scattering and absorption can
significantly reduce the observed source flux even above
1 Department of Physics and Astronomy, Clemson University,
Clemson, SC 29634, USA
2 Harvard–Smithsonian Center for Astrophysics, 60 Garden
Street, Cambridge, MA 02138, USA
3 INAF - Istituto di Astrofisica Spaziale e Fisica Cosmica, Via
U. La Malfa 153, I-90146 Palermo, Italy
∼10 keV(Burlon et al. 2011), making CT-AGN very hard
to detect. For column densities ≤1025 cm−2 part of the
direct nuclear emission pierces through the torus at en-
ergies ≥ 10 keV, while for larger column densities only
the scattered, indirect component is visible (Matt et al.
1999; Murphy & Yaqoob 2009). Consequently, observa-
tional biases must be properly taken into account when
the intrinsic CT-AGN fraction is computed. For exam-
ple, Burlon et al. (2011) analyzed a complete sample of
∼200 local (i.e. z<0.1) AGN detected by Swift-BAT in
the 15-55 keV band and measured an observed fraction of
Compton-thick AGN (relative to the whole population)
fCT ∼5 %. However, several models developed to charac-
terize the heavily obscured AGN emission (e.g., Murphy
& Yaqoob 2009; Brightman & Nandra 2011) clearly show
that even above 10 keV the AGN emission is strongly sup-
pressed by absorption and Compton scattering, therefore
biasing X-ray surveys against the detection of heavily ob-
scured AGN. After carefully modeling this additional se-
lection effect, Burlon et al. (2011) recovered the intrinsic
absorbing column density distribution, showing that in-
deed CT-AGN are fairly numerous, representing at least
∼ 20 % of the whole population. To properly measure
this observational bias, and therefore estimate the in-
trinsic CT-AGN population, one requires large, complete
samples of nearby AGN, detected in both the 0.3–10 keV
and above 10 keV, to properly measure X-ray spectral
parameters such as the photon index Γ and the intrinsic
absorption NH.
Moreover, absorption within the torus is probably not
due to a continuous distribution of gas and dust, be-
ing instead likely due to a clumpy distribution of op-
tically thick, dusty clouds (Elitzur & Shlosman 2006;
Ho¨nig & Beckert 2007; Nenkova et al. 2008). This be-
lief is strengthened by the discoveries of the occultation
of the X-ray nucleus of NGC 1365 by a Compton-thick
cloud (Risaliti et al. 2007). Nonetheless, at the present
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2day only small numbers of CT-AGN have been studied
with the high-quality data which is required to character-
ize them properly, mostly thanks to NuSTAR, the first
telescope with focusing optics at >10 keV (see Balokovic´
et al. 2014; Puccetti et al. 2014; Brightman et al. 2015;
Rivers et al. 2015; Masini et al. 2016; Puccetti et al. 2016,
among others). Thus, to probe directly the physics of the
torus and of the accretion disk one needs to build large
samples of 2–100 keV spectra of heavily obscured AGN.
In this work, we analyze the 0.3-150 keV spectrum of
14 AGN detected in the 60 month Swift-BAT (15-55
keV) survey (Ajello et al. 2012) and for which we ob-
tained ∼5 ks follow-up observation with Chandra ACIS-
I. These objects were originally selected either because
their properties (either their Seyfert 2 optical type or
the absence of a bright ROSAT counterpart) suggest the
presence substantial intrinsic absorption along the line of
sight, or because they were the last few sources of the 60
month survey without 0.3–7 keV coverage. We note that
these sources are all detected in the Palermo 100-month
BAT catalog (Segreto et al. in prep.), which we seek to
make complete in terms of X-ray spectral charactheriza-
tion. Moreover, five sources also have been observed with
NuSTAR in the 3-80 keV band. Combining the observa-
tions from the different telescopes, we aim to properly
characterize the main physical features of these sources,
a fraction of which are expected to be CT-AGN. Thus,
in the following, we utilize appropriate models to charac-
terize the different features commonly observed in AGN
X-ray spectra and seek to present an appropriate physi-
cal interpretation to the best-fit models that we obtain.
In the sections below we will address the methods and
procedures used throughout our work. In Section 2 we
describe the data reduction procedure. Section 3 covers
the steps taken to develop appropriate best-fit models
for each source spectrum and the physical implications
of the individual components of these models. Finally,
our results are discussed and summarized in Section 4.
2. DATA ANALYSIS
On-board the Swift satellite (Gehrels et al. 2004) is the
wide-field (120×90 deg2) Burst Alert Telescope (BAT;
Barthelmy et al. 2005). Since its launch, BAT has con-
tinuously observed the entire sky, covering the 15-150
keV energy range. In the most recent update to its sur-
vey (the BAT 100-month survey catalog, Segreto et al.
in prep.), sources have been detected down to a flux limit
f ∼3.3 × 10−12 erg s−1 cm−2in the 15-150 keV band4.
Considering BAT high sensitivity and full-sky coverage,
it provides an excellent view of the low-redshift, hard
X-ray low-luminosity population.
The BAT IMAGER code (Segreto et al. 2010) was
used to reprocess the BAT survey data available in the
HEASARC public archive and generate the 15-100 keV
spectra used in this work, that were obtained by averag-
ing over the whole BAT exposure. We utilized the official
BAT spectral redistribution matrix5.
In Table 1 we report the list of 14 sources we analyze
in this work. As can be seen, most of the target sources
(8 out of 14) are at redshift lower than 0.04, where the
4 http://bat.ifc.inaf.it/100m bat catalog/100m bat catalog v0.0.htm
5 http://heasarc.gsfc.nasa.gov/docs/heasarc/caldb/data/swift/
bat/index.html
vast majority (∼85%) of the BAT-detected CT-AGN has
been detected so far (see, e.g., Burlon et al. 2011; Ricci
et al. 2015).
It is worth noticing that all fourteen objects have
available archival XRT observations with different expo-
sure times. Five of these exposures (i.e., those of NGC
1125, ESO 424−12, 2MASXJ06403799−4321211,
2MASXJ18570768−7828212, and
2MASXJ20214907+4400399) were taken, albeit off
axis, before the Chandra observations. In this work
we use three of these observations to study potential
long-term variability in three sources (see Section 3.5).
For the remaining eleven objects, however, we find that
only four sources have XRT observations longer than
5 ks, none of which provides sufficient count statistics to
improve our fits.
2.1. Chandra Source Analysis
Level 2 event data was retrieved from the Chandra
Data Archive6 and reduced with the CIAO (Fruscione
et al. 2006) 4.6 software and the Chandra Calibra-
tion Database (caldb) 4.5.1.1, adopting standard pro-
cedures. After excluding time intervals of background
flares exceeding 3σ with the lc sigma clip task, we ob-
tained the low-background total exposures listed in Table
1.
Source identification in Chandra images was unam-
biguous, with the source associated in the 100-month
Palermo BAT Catalogue being the brighter (if not
the only) source in the Chandra field. The only ex-
ception is J1354.2−3746, that has no associated opti-
cal/infrared counterpart in the 100-month Palermo BAT
Catalog. Within the field of view of Chandra observa-
tion 00014045, centered on J1354.2−3746 Swift-BAT po-
sition, there are six Chandra sources: one of them is asso-
ciated to the infrared source 2MASX J13541542 3746333,
while the remaining five are associated to faint SDSS ob-
jects. While these latter do not exceed ∼60 net counts
in the 0.3-8 keV range, 2MASX J13541542-3746333 show
more than 600 net counts in the same Chandra band.
Consequently, we chose 2MASX J13541542-3746333 and
the associated Chandra source as the J1354.2−3746
Swift-BAT counterpart.
The sources show no significant pile up, as measured by
the CIAO pileup map tool. Chandra-ACIS spectra were
extracted using the CIAO specextract task. Source
spectra were extracted in circular regions of 5′′ radius
centered at the source coordinates, while background ex-
traction has been performed in annuli with inner radius
and outer radii of 5′′ and 15′′, respectively. For the source
spectra we applied the point-source aperture correction
to the specextract task. To make use of the χ2 fit
statistic we binned the spectra to obtain a minimum of
20 counts per bin.
2.2. NuSTAR Data Reduction
For five out of fourteen sources in our sample there
are available NuSTAR observations. These sources are
ESO 33−2, 2MASXJ06403799−4321211, IC 2461, Was
49 and 2MASXJ18570768−7828212. The details of the
NuSTAR observations for these objects are listed in Ta-
ble 2.
6 http://cda.harvard.edu/chaser
3SWIFT Name Source Name R.A. Decl. Type Redshift Obs. Date Obs ID Exp Time dCha−BAT
4PBC deg deg D-M-Y Ks arcmin
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)
J0231.9−3639 IC 1816 37.9625 -36.6721 Sy2 0.017 31-08-2012 00014035 5.02 0.82
J0233.4+2758 Mrk 1179 38.3431 27.9369 Sy1 0.038 21-06-2012 00014036 5.02 2.56
J0251.6−1640 NGC 1125 42.9178 -16.6510 Sy2 0.011 10-10-2012 00014037 5.02 1.07
J0455.8−7531 ESO 33−2 73.9957 -75.5412 Sy2 0.018 07-10-2014 00016156 4.91 0.96
J0543.5−2738 ESO 424−12 85.8873 -27.6514 Sy2 0.010 20-06-2012 00014039 5.02 1.01
J0640.6−4320 2MASXJ06403799−4321211 100.1583 -43.3558 G 0.061 27-08-2012 00014040 5.02 1.11
J0920.0+3711 IC 2461 139.9918 37.1913 Sy2 0.008 16-04-2014 00016157 5.11 0.78
J1214.2+2932 Was 49 183.6065 29.6035 Sy2 0.061 25-03-2012 00014042 5.02 1.12
J1339.7+5548 2MASSJ13393397+5546142 204.8916 55.7706 Sy1 0.123 19-02-2012 00014043 5.02 2.85
J1353.5−1125 2MASXJ13532820−1123055 208.3675 -11.3850 G 0.069 27-05-2012 00014044 5.02 1.37
J1354.2−3746 2MASXJ13541542−3746333 208.5642 -37.7759 Sy2 0.017 27-05-2012 00014045 5.02 0.42
J1419.2+0755 2MASXJ14190832+0754499 214.7846 7.9138 Sy1 0.056 20-03-2012 00014046 5.02 1.18
J1857.1−7829 2MASXJ18570768−7828212 284.2823 -78.4726 Sy1 0.042 16-12-2011 00014049 4.99 1.35
J2021.8+4400 2MASXJ20214907+4400399 305.4544 44.0110 Sy2 0.017 21-04-2014 00016158 4.91 1.04
Table 1
Summary of the sample of sources analyzed in this work. The SWIFT name is the one reported in the Palermo
100-month BAT catalog (Segreto et al. in prep.). R.A. and Decl are the right ascension and declination, taken by the
SIMBAD Astronomical Database, of the counterpart of the 4PBC source. The counterpart name is reported in
column 2. The source redshift and optical classification reported in columns 5–6 have been obtained from the
SIMBAD Astronomical Database. The type classification is reported as follows: Sy1 - Seyfert 1 galaxy, Sy2 - Seyfert
2 galaxy, G - galaxy. Sources classified as galaxies in the Swift-BAT survey are likely AGN for which an optical
spectrum has not been acquired yet (Ajello et al. 2012). In columns 7–9 we report the date, ID and exposure time of
the Chandra ACIS-I observations studied in this paper. Finally, in column 10 we report the offset between the
Chandra source position and the BAT one.
The data retrieved for both NuSTAR Focal Plane Mod-
ules (FPMA and FPMB; Harrison et al. 2013) were pro-
cessed using the NuSTAR Data Analysis Software (NUS-
TARDAS) v1.5.1. The event data files were calibrated
running the nupipeline task using the response file from
the Calibration Database (CALDB) v. 20100101. With
the nuproducts script we generated both the source and
background spectra, and the ancillary and response ma-
trix files. For both focal planes, we selected the source
with a circular extraction region of diameter of 30′′ cen-
tered on the target source; for the background we used
the same extraction region positioned far from any source
contamination in the same frame.
3. SPECTRAL ANALYSIS
In this section we present the analysis of the X-ray
spectra of the 14 sources in our sample. We detail the
process of building an appropriate model, the charac-
teristics of the models used to fit our composite spec-
tral data, and elaborate on the implied physical signif-
icance of each model. For the spectral analysis we uti-
lized XSPEC v.12.8.2 (Arnaud 1996). Galactic absorp-
tion along the line of sight was determined for each source
(Kalberla et al. 2005).
In Table 3 we report a summary of the best-fit models
we obtained for each source in our sample. To determine
the best-fit model for each source, we used an iterative
process: we started from a basic model, i.e., an absorbed
powerlaw, and progressively added further components.
To verify the significance of an additional component, we
performed a F-test, if statistically allowed. When it was
not possible to statistically assess the improvement of the
fit with a F-test (i.e., when adding a Gaussian or a reflec-
tion component, see Protassov et al. 2002), we kept the
additional component if the reduced χ2 (χ2ν=χ
2/degrees
of freedom) significantly improved. In all four fits with
either a Gaussian or a reflection component, the reduced
χ2 without the additional component was χ2ν >1.5 and
decreased to χ2ν ∼1–1.2.
For our spectral analysis we made use of the following
components.
1. All sources were fitted with a basic power-law to
model the intrinsic nuclear AGN emission. In all
but one source (Mrk 1179), this power-law was
absorbed, i.e., we measured a significant value of
intrinsic absorption (NH) caused by the gas sur-
rounding the AGN accretion disk and the hot
corona responsible for the X-ray emission.
2. Nine out of fourteen spectra (IC 1816,
NGC 1125, ESO 33−2, ESO 424−12,
Was 49, 2MASXJ13541542−3746333,
2MASXJ14190832+0754499,
2MASXJ18570768−7828212 and
2MASXJ20214907+4400399) required a sec-
ond power law, having the same photon index of
the first. This second power-law describes the
emission component scattered, rather than ab-
sorbed by the material surrounding the accreting
supermassive black hole (SMBH; see, e.g., Winter
et al. 2009); a further discussion of this type of
model is reported in Section 3.2.
3. One source in the sample (Was 49) showed evi-
dence of an excess in the spectrum at 20–40 keV,
thus indicating the presence of a reflection hump.
This source was fitted with the pexrav (Magdziarz
& Zdziarski 1995) model, which we extensively de-
scribe in Section 3.3.
4. Three fits (those of IC 1816, ESO 33−2 and
IC 2461) significantly improved adding a narrow
(σ=50 eV) Gaussian to model an excess in the spec-
trum at energy E ∼6.4 keV (rest-frame), likely due
4SWIFT Name Source Name Obs. Date Obs. ID Exposure time
4PBC D-M-Y ks
(1) (2) (3) (4) (5)
J0455.8−7531 ESO 33-2 04–05–2014 60061054002 23.6
J0640.6−4320 2MASXJ06403799−4321211 21–01–2014 60061070002 22.0
J0920.0+3711 IC 2461 13–06-2014 60061353002 32.9
J1214.2+2932 Was 49 15–07–2014 60061335002 20.4
J1857.1−7829 2MASXJ18570768−7828212 27–07–2013 60061290002 18.0
Table 2
Summary of the NuSTAR observations available for five out of fourteen sources in our sample. The SWIFT name is
the one reported in the Palermo 100-month BAT catalog (Segreto et al. in prep.), from which we get also the
counterpart name. The NuSTAR observation date, observation ID and exposure are reported in columns (3), (4) and
(5), respectively.
to the Iron Kα line. We report the best-fit values
for the Iron Kα equivalent width (EW), computed
using the eqwidth tool in XSPEC, in Table 4.
5. One source (IC 1816) showed a spectral bump at
energies below 1 keV. IC 1816 is a heavily obscured
AGN and it is therefore unlikely that this excess
is caused by warm gas surrounding the AGN emis-
sion disk or the broad line region, as commonly
observed in unobscured AGN (see, e.g., Risaliti &
Elvis 2004). However, IC 1816 has been reported to
be a starburst galaxy (Schmitt et al. 1999; Gu et al.
2001), and the source measured observed luminos-
ity in the 0.3–1 keV band (log(L0.3−1keV)∼40) is
consistent with being due to star-forming emis-
sion processes. We modelled this soft excess with
a phenomenological thermal component, using the
XSPEC model mekal (e.g., Mewe et al. 1985). We
find a best-fit temperature kT<0.8 keV.
6. For each of our sources, we utilize a composite spec-
tra from the observations of two or three differ-
ent observatories, which were not taken simultane-
ously. In acknowledgement of potential long-term
flux variability in our objects, we used a multiplica-
tive constant in each of our models. The constant
was held to 1 for the BAT spectra and allowed to
vary for the Chandra and NuSTAR spectra. For
all the five sources with NuSTAR data, leaving
the NuSTAR constant free to vary does not sig-
nificantly improve the fit. Therefore, in all these
five objects we fixed KNus to 1. For a minority of
objects, leaving the Chandra constant free to vary
also does not significantly improve the fit: for these
sources, we therefore keep the constant frozen to
KCha=1. In Table 4 we report the constant best-
fit value for all those sources where the fit was sig-
nificantly improved by leaving the constant free to
vary. We further discuss this variability in Section
3.5.
The best-fit parameters for each object in our sample
are reported in Table 4, while in Figure 1 we report the
NH best-fit values as a function of the Γ ones. As can
be seen, the majority of sources have moderate to high
levels of intrinsic absorption (nine out of fourteen sources
have NH >10
23 cm−2).
Interestingly, two sources (Mrk 1179 and
2MASSXJ06403799−4321211) show relatively hard
photon indexes, having both Γ ∼1.4 instead of the
typical AGN photon index Γ=1.7–1.8 (see, e.g., March-
esi et al. 2016). This may be an indication that for
these sources the NH values are slightly underestimated
and/or that the characterization of the <2 keV spectra
requires additional components, such as a thermal one,
or multiple emission lines. However, the available data
do not allow us to statistically assess the significance
of these additional components, which would require
longer 0.5–10 keV observations to be measured.
3.1. Unabsorbed and absorbed Single Power-law Sources
Of the 14 sources in our sample, five (36%) are best
fitted with a single power-law (POW), with or without
a significant intrinsic absorption component (ZWABS).
Only one source (Mrk 1179) showed no indication of sig-
nificant intrinsic absorption, with a 90% confidence level
upper limits on NH lower than 10
22 cm−2. The remain-
ing objects revealed a statistically significant intrinsic
absorption and were best fitted by the ZWABS*POW
model. The intrinsic absorbing column density varies in
the range NH=1–20 × 1022 cm−2.
Finally, one of the sources fitted with a single power-
law, i.e., IC 2461, also required an additional gaussian
(GA) to model the excess at ∼6.4 keV related to the Iron
Kα line, as discussed in the previous section.
3.2. Double Power-law Sources
Nine spectra (64% of the sample) showed a significantly
improved χ2 when a second power-law was added to the
model. This power-law (POW2) has the same photon in-
dex of the main power-law and accounts for a fraction of
the main X-ray emission scattered, rather than absorbed,
by the absorbing material surrounding the SMBH. The
normalization of this second power-law is usually signif-
icantly smaller than the one of the main one, being typ-
ically between 1 % and 20 % (see, e.g. Ueda et al. 2014).
This is the case also for the majority of the sources in
our sample (see in Table 4 the ratio Rscatt between the
secondary and main power-law normalization): for one
5Source XSPEC Model Interpretation
IC 1816 MEKAL+POW2+ZWABS*(POW+ZGA) Significant absorption and evidence of Fe-Kα line. Thermal component at <1 keV.
Mrk 1179 ZWABS*POW No significant intrinsic absorption.
NGC 1125 POW2+ZWABS*POW Absorbed direct emission component, unabsorbed scattered emission component.
ESO 33−2 POW2+ZWABS*(POW+ZGA) Significant absorption and evidence of Fe-Kα line.
ESO 424−12 POW2+ZWABS*POW Intrinsically absorbed main component, unabsorbed scattered component.
2MASXJ06403799−4321211 ZWABS*POW Significant intrinsic absorption from dusty torus.
IC 2461 ZWABS(POW + ZGA) Intrinsic absorption on direct emission, Fe-Kα line.
Was 49 POW2+ZWABS*PEXRAV Reflected emission with intrinsic absorption, unabsorbed scattered component.
2MASSJ13393397+5546142 ZWABS*POW Significant intrinsic absorption from dusty torus.
2MASXJ13532820−1123055 ZWABS*POW Significant intrinsic absorption from dusty torus.
2MASXJ13541542−3746333 ZWABS*POW2+ZWABS*POW Both direct and scattered emission components affected by intrinsic absorption.
2MASXJ14190832+0754499 ZWABS*POW2+ZWABS*POW Both direct and scattered emission components affected by intrinsic absorption.
2MASXJ18570768−7828212 ZWABS*POW2+ZWABS*POW Both direct and scattered emission components affected by intrinsic absorption.
2MASXJ20214907+4400399 POW2+ZWABS*POW Absorbed direct emission component, unabsorbed scattered emission component.
Table 3
Best-Fit Models and Physical Interpretations. We report a description of each model component in the text. Each
model was fitted with an absorption component to account for the absorption of our own galaxy. The different
component used in the models are extensively described in Sections 3.1, 3.2, 3.3 and 3.5.
1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6
Photon Index (Γ)
0.2
1
10
20
50
100
In
tr
in
si
c
ab
so
rp
tio
n
(N
H
)[
10
2
2
cm
−2
]
Without NuSTAR
With NuSTAR
Figure 1. Intrinsic absorption NH as a function of pho-
ton index for the 14 sources in our sample. Values for
sources with NuSTAR spectra are plotted in red, while
sources with only Chandra and Swift-BAT data available
are plotted in black. Upper limits on NH are plotted as
downwards triangles. The dashed horizontal line marks
the NH=10
24 cm−2 value, above which sources are clas-
sified as Compton thick AGN.
object, 2MASXJ13541542−3746333, we find a slightly
higher value of Rscatt=0.347
+0.550
−0.243, but as can be seen
the uncertainties are quite large and the ratio is consis-
tent with ∼10% within the 90% confidence uncertainty.
Sources best-fitted by a double power-law, where a
scattered component is observed, are usually significantly
obscured (see, e.g., Marchesi et al. 2016), and eight out
of nine sources in this subsample have in fact NH >10
23
cm−2. We point out that (as can be seen in Table 4)
three sources showed evidence of low, but significant ob-
scuration (NH ∼1022 cm−2) affecting the scattered com-
ponent. This second absorbing component cannot be
caused by the same obscuring material responsible for
the absorption of the main power-law, since the ionized
gas responsible for the scattering is thought to extend
to size scales larger than those of the obscuring material
(see, e.g., Turner et al. 1997; Ueda et al. 2007). There-
fore, this obscuration can be linked to gas and dust in
the AGN host galaxy.
3.3. Sources with a significant reflected component
One source in our sample, Was 49, is best fitted using
the pexrav model, developed by Magdziarz & Zdziarski
(1995) to describe sources with reflected components
(Winter et al. 2009). The only parameter of this model
that we left free to vary, besides the photon index and
the normalization, is the reflection intensity R, which is
constrained to be R ≥0. The energy cut-off of the spec-
trum is fixed to E=300 keV, the metal abundances are
fixed to solar and the reflecting material has inclination
angle θ=60◦.
Was 49 shows an excess in the Swift-BAT and NuSTAR
spectra, in the 20–50 keV energy range. We find that R is
consistent with 1, i.e., with the case where the reflection
is produced by an infinite slab isotropically illuminated
by the corona emission.
3.4. A candidate Compton-Thick AGN
One of the objects in our sample, NGC 1125, is found
to be a transmission dominated candidate CT-AGN, i.e.,
a CT source where a fraction of the intrinsic continuum
pierces trough the obscuring material and we are able to
measure NH using the absorption turnover in the X-ray
spectrum (see, e.g., Comastri et al. 2011; Georgantopou-
los et al. 2013). NGC 1125 has best-fit intrinsic absorp-
tion NH=1.32
+0.79
−0.31×1024 cm−2. We report the spectrum
of this object in Figure 2; in the inset, the confidence
contours on the photon index Γ and on NH are also plot-
ted. As can be seen, the emission in the 0.5–7 keV band
is strongly depleted, and the flux in the 15–150 keV band
sampled by Swift-BAT is ∼40 times larger than the flux
in the 0.5–7 keV band observed with Chandra.
It is worth noticing that CT-AGN are usually expected
to have a prominent Iron Kα feature at 6.4 keV, while in
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Figure 2. Unfolded spectrum from Chandra (black) and
Swift-BAT (red) of NGC 1125, the candidate CT-AGN
in our sample. The confidence contours on the intrinsic
absorption (NH) and photon index are shown in the inset.
this source the fit is not significantly improved by the
addition of an emission line, and even obtaining a rea-
sonable upper limit on the line EW is not possible. This
is due to the fact that the source has a very low counts
statistics (∼30 counts in the 2–7 keV band), consistently
with being heavily obscured. Furthermore, the Chan-
dra effective area strongly declines at E>7 keV, therefore
making difficult to properly constrain the Iron Kα line
using Chandra for sources in the local Universe (z <0.1).
Notably, the Compton thickness of NGC 1125 has been
reported also by Ricci et al. (2015), using the Swift-BAT
data in combination with Swift-XRT data. Their intrin-
sic absorption measurement is in good agreement with
ours, being NH=1.83
+2.06
−0.76×1024 cm−2.
Recently, Koss et al. (2016) developed a new technique
to identify CT-AGN in AGN with low counts statistics
using Swift-BAT or NuSTAR data: their method is based
on the curvature of the AGN spectrum between 14 and
50 keV, parametrized as follows:
SCBAT =
−3.42A− 0.82B + 1.65C + 3.58D
Tot
, (1)
where A, B, C, D and Tot are the count
rates measured with Swift-BAT in the 14-20 keV, 20-
24 keV, 24-35 keV, 35-50 keV and 14-50 keV, respectively.
SCBAT=0.4 is the CT-AGN selection threshold: seven
of the nine sources with SCBAT >0.4 in the Koss et al.
(2016) sample have NH,z > 10
24 cm−2; the remaining
two are significantly obscured (NH,z > 5 × 1023 cm−2).
We tested the spectral curvature method for NGC 1125
and we found a value SCBAT=0.44±0.15, slightly above
the CT threshold, although the uncertainties on SCBAT
are significant (∼30%).
3.5. The strategic role of NuSTAR data in the spectral
characterization of obscured AGN
In Figure 3 we report the spectra of the five sources
for which there are available NuSTAR observations. As
can be seen, the NuSTAR data nicely cover the 3–40 keV
energy range, bridging the substantial gap between the
Chandra and Swift-BAT data. This offers the possibility
to analyze with unprecedented quality the region of the
spectrum where the reflection component is dominant.
At a face value, adding NuSTAR data to the Chan-
dra and Swift-BAT ones reduces the uncertainty on the
photon index (from ∼ 7 % to ∼5 %) and on the in-
trinsic absorption NH (from ∼ 32 % to ∼25 %). NuS-
TAR data allows us to uncover the reflection component
of Was 49, that is not constrained with Chandra and
Swift-BAT data alone. Was 49 NuSTAR spectrum has
been analyzed also by Secrest et al. (2017), finding best-
fit photon index (Γ=1.6±0.1) and intrinsic absorption
(NH=2.3
+0.5
−0.4×1023 cm−2) in good agreement with the
one we find. For two objects, ESO 33−2 and IC 2461,
NuSTAR allows us to uncover the presence of an Iron line
Kα line. In fact, to constrain the Iron line and where it
originates from requires an accurate measurement of the
continuum beneath the line, a task almost impossible
using only short Chandra observations, particularly at
≥7 keV.
Among the nine objects in our sample with no avail-
able NuSTAR data, IC 1816 is the one where a NuS-
TAR follow-up will improve the most the characteriza-
tion of the source. In fact, IC 1816 is a heavily obscured
AGN (NH=6.28
+2.19
−1.86×1023 cm−2) and the positive resid-
uals observed on both sides of the strong Iron line can
be interpreted as either the sign of a very broad Iron
line (EW∼4 keV) or a mixture of the transmission and
reflection components. It is not possible to determine
the most likely scenario without a measurement of the
continuum between Chandra and Swift-BAT.
Three sources with Chandra and NuSTAR data re-
quired the addition of a constant to the best-fit model, to
take into account a significant difference in normalization
between the Chandra spectrum and the NuSTAR and
Swift-BAT ones (see Figure 3; as mentioned in Section
3, we find that the addition of a constant to account for
a normalization offset between the NuSTAR and Swift-
BAT data does not produce a significant improvement of
the fit in any of our sources). To verify if this difference
is related to variability, i.e., an intrinsic change in the
AGN flux between the Chandra and NuSTAR observa-
tions, we used Swift-XRT observations7 taken together
with, or within 48 hours from, the NuSTAR observa-
tion. In all three cases we found that the Swift-XRT
flux is fully consistent with the NuSTAR one, therefore
suggesting that the observed Chandra–NuSTAR offset is
most likely caused by AGN variability. In all cases, the
variability between the epochs is mostly in flux of the in-
trinsic component (i.e., the variability is not likely due to
variable absorption) and of the order of ∼ 3 at most, in
agreement with typical variability amplitudes for radio-
quiet AGN.
We point out that one source, IC 2461, would have
been incorrectly classified as CT-AGN according to the
Chandra and Swift-BAT data only. In fact, when fit-
ting the IC 2461 spectrum without the NuSTAR data we
find two possible solutions, which have similar statistics
(χ2ν ∼1.2) and are both consistent with a CT scenario.
7 Namely, Swift-XRT ObsID 00080345001 for ESO 33−2,
ObsID 00080376001 for 2MASXJ06403799−4321211 and ObsID
00080688002 for IC 2461
8In one case, the best-fit model is an absorbed power-
law having CT intrinsic absorption NH,z=1.5±0.5×1024
cm−2 and a relatively soft photon index, Γ=2.20±0.25.
The second best-fit solution is instead obtained fitting
the spectrum with pexrav (Magdziarz & Zdziarski 1995),
for which we get a high reflection intensity value, R >10:
such a strong reflection component is usually observed
in heavily obscured AGN. However, both these scenarios
are ruled out when the NuSTAR data are added to the
fit.
Interestingly, IC 2461 would have erroneously been
classified as a candidate CT-AGN using the spec-
tral curvature equation for BAT (Equation 1), having
SCBAT=0.49±0.11, above the SCBAT=0.4 threshold.
However, in the same work Koss et al. (2016) report a
second parameterization of SC, based on the NuSTAR
count rates in three different bands:
SCNus =
−0.46×A+ 0.64×B + 2.33× C
Tot
, (2)
where A, B, C and Tot are the count rates measured
with NuSTAR in the 8–14 keV, 14–20 keV, 20–30 keV and
8–30 keV bands, respectively. As for SCBAT , SCNus=0.4
is the threshold adopted to select candidate CT sources.
With this second parameterization, which is much more
accurate than the BAT-based one, IC 2461 is correctly
not classified as a CT-AGN, since its NuSTAR spectral
curvature value is SCNus=0.19±0.03.
Furthermore, for other two objects with NuSTAR data
(2MASXJ06403799−4321211 and Was 49) the photon in-
dex Γ value decreases by ∼15–25% once the NuSTAR in-
formation is added, due to the significantly better statis-
tics provided by NuSTAR in the 5–40 keV band.
Finally, it is also interesting to note the good agree-
ment between NuSTAR and Swift-BAT for all the cases
tested.
4. DISCUSSION AND CONCLUSIONS
As discussed in the literature (Gilli et al. 2007; Treister
et al. 2009), current cosmic X-ray background models re-
quire 20% of the AGN population (at redshift z∼0) to be
Compton-thick. Because of the suppression of the AGN
flux, detecting Compton-thick AGN has always been a
challenging task. The most efficient ways to discover
heavily obscured AGN is to survey the sky at hard X-rays
(>10 keV), where part of the nuclear emission can pierce
through the Compton-thick medium, or at infrared wave-
lengths where the intrinsic emission is reprocessed. To
date only a handful of well studied, bona-fide, Compton-
thick AGN exist (Comastri 2004; Della Ceca et al. 2008).
Indeed, even above 10 keV Compton down-scattering
and absorption substantially degrade the intrinsic spec-
trum, making CT-AGN only a mere 5–10 % of the local
AGN population (Ajello et al. 2008b; Burlon et al. 2011;
Ricci et al. 2015). It is important to search in the Swift-
BAT survey for heavily obscured AGN, despite the low
turnout, because those are among the brightest AGN
observable and once discovered they can be followed up,
with relatively modest amounts of time, with focusing
telescopes like Chandra, XMM-Newton and most impor-
tantly NuSTAR.
In this work we have presented the 0.3–150 keV spec-
tral analysis of 14 sources originally detected in the Swift-
BAT 60 month survey (Ajello et al. 2012) that are also
presented in the updated 100 month BAT survey (Segreto
et al. in prep.). These 14 sources were selected on the ba-
sis of their optical type (Sy2), the lack of a bright ROSAT
counterpart or because they were the last few sources to
be followed up of the 60 month survey. As such there
was an expectation that these sources may be absorbed.
Indeed,all but one are absorbed AGN (NH ≥ 1022 cm−2,
see Fig. 1). Moreover, 9 out of 14 sources are heavily
obscured (NH >10
23 cm−2), and one, NGC 1125, is a
candidate CT-AGN (NH >10
24 cm−2). It is not surpris-
ing that the CT-AGN source is among the lowest redshift
ones (z=0.011). Indeed, in CT-AGN the source flux is
so heavily extinguished that Swift-BAT can only discover
them at a redshift smaller than the average (〈z〉=0.04 in
our sample).
It is worth pointing out that our candidate CT-AGN
is transmission dominated, i.e., some of its nuclear radia-
tion pierces through the torus and the observed emission
in the 0.5–7 keV is almost entirely due to this scattered
component. In our sample, we did not find any reflec-
tion dominated CT-AGN, i.e., a source where all the ob-
served emission in the 0.5–7 keV band is due to reflec-
tion, while the intrinsic emission is completely depleted
by a dusty torus having column density NH ≥ 1025 cm−2.
Further studies have to be performed to constrain the
ratio of transmission dominated on reflection dominated
CT-AGN in the whole population of local CT-AGN, to
properly characterize the typical geometry of the obscur-
ing material surrounding nearby CT-AGN.
A key role can certainly be played by NuSTAR in the
proper characterization of these CT-AGN, especially of
the reflection-dominated ones, where the Iron Kα line
is extremely prominent. As we show in this work, the
NuSTAR data allows us to significantly reduce the uncer-
tainties on quantities like Γ and NH; more importantly,
it put strong constraints on the presence and intensity
of the Iron Kα line at 6.4 keV, since in this energy range
the counts statistics for nearby AGN with low Chandra
(or XMM-Newton) exposure is usually poor. NuSTAR
spectra, instead cover with excellent statistics the energy
range 3–20 keV, therefore permitting to characterize CT-
AGN with unprecedented spectral quality, studying pa-
rameters such as the Iron line, the continuum around the
line itself and the strength of the reflection component.
Finally, in future studies, a further improvement
should be made in the distance-based selection of source
candidates in order to improve the fraction of heavily
obscured AGN in the sample, since the majority of con-
firmed CT sources in the 100-month BAT catalog are at
very low redshifts (Burlon et al. 2011; Ricci et al. 2015).
Therefore, follow-ups to this study will likely be effec-
tive in detecting CT-AGN by selecting nearby, heavily
obscurred AGN. Indeed, Marchesi et al. (2017) analyzed
seven Seyfert 2 galaxies from the Swift-BAT survey, each
lacked ROSAT counterparts in the 0.5–2.4 keV band and
where located at z <0.03. The result of this analysis was
a new CT-AGN candidate and they determined that each
of their seven sources are heavily obscured (NH >10
23
cm−2 at a 99% confidence level).
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Figure 3. Chandra (black), NuSTAR (green and blue) and Swift-BAT (red) spectra of the five sources in our sample
having an available NuSTAR observation. The best-fitting model is plotted as a solid line, while the single components
are plotted as dotted lines. In the inset, the confidence contours at 68, 90 and 99% confidence level for Γ and NH of
the main emission component (in units of 1022 cm−2) are also shown.
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Appendices
A. FITS AND RESIDUALS
In this appendix we report all the spectra, best-fit mod-
els and associated data-to-model ratio for the fourteen
sources in our sample.
REFERENCES
Aird, J., Alexander, D. M., Ballantyne, D. R., et al. 2015, ApJ,
815, 66
Ajello, M., Alexander, D. M., Greiner, J., et al. 2012, ApJ, 749, 21
Ajello, M., Greiner, J., Sato, G., et al. 2008a, ApJ, 689, 666
Ajello, M., Rau, A., Greiner, J., et al. 2008b, ApJ, 673, 96
Alexander, D. M., Bauer, F. E., Brandt, W. N., et al. 2003, AJ,
126, 539
Arnaud, K. A. 1996, in Astronomical Society of the Pacific
Conference Series, Vol. 101, Astronomical Data Analysis
Software and Systems V, ed. G. H. Jacoby & J. Barnes, 17
Balokovic´, M., Comastri, A., Harrison, F. A., et al. 2014, ApJ,
794, 111
Barthelmy, S. D., Barbier, L. M., Cummings, J. R., et al. 2005,
Space Sci. Rev., 120, 143
Brightman, M., Balokovic´, M., Stern, D., et al. 2015, ApJ, 805, 41
Brightman, M. & Nandra, K. 2011, MNRAS, 413, 1206
Burlon, D., Ajello, M., Greiner, J., et al. 2011, ApJ, 728, 58
Cappelluti, N., Li, Y., Ricarte, A., et al. 2017, ApJ, 837, 19
Civano, F., Hickox, R. C., Puccetti, S., et al. 2015, ApJ, 808, 185
Comastri, A. 2004, in Astrophysics and Space Science Library,
Vol. 308, Supermassive Black Holes in the Distant Universe, ed.
A. J. Barger, 245
Comastri, A., Ranalli, P., Iwasawa, K., et al. 2011, A&A, 526, L9
Della Ceca, R., Caccianiga, A., Severgnini, P., et al. 2008, A&A,
487, 119
Elitzur, M. & Shlosman, I. 2006, ApJ, 648, L101
Fruscione, A., McDowell, J. C., Allen, G. E., et al. 2006, in
Proc. SPIE, Vol. 6270, Society of Photo-Optical
Instrumentation Engineers (SPIE) Conference Series, 62701V
Gehrels, N., Chincarini, G., Giommi, P., et al. 2004, ApJ, 611,
1005
Georgantopoulos, I., Comastri, A., Vignali, C., et al. 2013, A&A,
555, A43
Gilli, R., Comastri, A., & Hasinger, G. 2007, A&A, 463, 79
Gu, Q., Dultzin-Hacyan, D., & de Diego, J. A. 2001, Revista
Mexicana de Astronomia y Astrofisica, 37, 3
Harrison, F. A., Aird, J., Civano, F., et al. 2016, ApJ, 831, 185
Harrison, F. A., Craig, W. W., Christensen, F. E., et al. 2013,
ApJ, 770, 103
Ho¨nig, S. F. & Beckert, T. 2007, MNRAS, 380, 1172
Kalberla, P. M. W., Burton, W. B., Hartmann, D., et al. 2005,
A&A, 440, 775
Koss, M. J., Assef, R., Balokovic´, M., et al. 2016, ApJ, 825, 85
Magdziarz, P. & Zdziarski, A. A. 1995, MNRAS, 273, 837
Marchesi, S., Ajello, M., Comastri, A., et al. 2017, ApJ, 836, 116
Marchesi, S., Lanzuisi, G., Civano, F., et al. 2016, ApJ, 830, 100
Masini, A., Comastri, A., Balokovic´, M., et al. 2016, A&A, 589,
A59
Matt, G., Pompilio, F., & La Franca, F. 1999, New Astronomy, 4,
191
Mewe, R., Gronenschild, E. H. B. M., & van den Oord, G. H. J.
1985, A&AS, 62, 197
Mullaney, J. R., Del-Moro, A., Aird, J., et al. 2015, ApJ, 808, 184
Murphy, K. D. & Yaqoob, T. 2009, MNRAS, 397, 1549
Nenkova, M., Sirocky, M. M., Ivezic´, Zˇ., & Elitzur, M. 2008, ApJ,
685, 147
Protassov, R., van Dyk, D. A., Connors, A., Kashyap, V. L., &
Siemiginowska, A. 2002, ApJ, 571, 545
Puccetti, S., Comastri, A., Bauer, F. E., et al. 2016, A&A, 585,
A157
Puccetti, S., Comastri, A., Fiore, F., et al. 2014, ApJ, 793, 26
Ricci, C., Ueda, Y., Koss, M. J., et al. 2015, ApJ, 815, L13
Risaliti, G. & Elvis, M. 2004, in Astrophysics and Space Science
Library, Vol. 308, Supermassive Black Holes in the Distant
Universe, ed. A. J. Barger, 187
Risaliti, G., Elvis, M., Fabbiano, G., et al. 2007, ApJ, 659, L111
Rivers, E., Balokovic´, M., Are´valo, P., et al. 2015, ApJ, 815, 55
Schmitt, H. R., Storchi-Bergmann, T., & Cid Fernandes, R. 1999,
MNRAS, 303, 173
Secrest, N. J., Schmitt, H. R., Blecha, L., Rothberg, B., &
Fischer, J. 2017, ApJ, 836, 183
Segreto, A., Cusumano, G., Ferrigno, C., et al. 2010, A&A, 510,
A47
Treister, E., Urry, C. M., & Virani, S. 2009, ApJ, 696, 110
Turner, T. J., George, I. M., Nandra, K., & Mushotzky, R. F.
1997, ApJS, 113, 23
Ueda, Y., Akiyama, M., Hasinger, G., Miyaji, T., & Watson,
M. G. 2014, ApJ, 786, 104
Ueda, Y., Eguchi, S., Terashima, Y., et al. 2007, ApJ, 664, L79
Vasudevan, R. V., Brandt, W. N., Mushotzky, R. F., et al. 2013,
ApJ, 763, 111
Winter, L. M., Mushotzky, R. F., Reynolds, C. S., & Tueller, J.
2009, ApJ, 690, 1322
11
10−4
10−3
0.01
k e
V2
 
( P
h o
t o n
s  c
m−
2  
s−
1  
k e
V−
1 )
IC 1816 spectrum
1 10 100
0.5
1
1.5
r a
t i o
Energy (keV)
10−3
0.01
k e
V2
 
( P
h o
t o n
s  c
m−
2  
s−
1  
k e
V−
1 )
Mrk 1179 spectrum
1 10 100
1
2
3
r a
t i o
Energy (keV)
10−4
10−3
0.01
k e
V2
 
( P
h o
t o n
s  c
m−
2  
s−
1  
k e
V−
1 )
NGC 1125 spectrum
1 10 100
0.5
1
1.5
r a
t i o
Energy (keV)
10−3
0.01
k e
V2
 
( P
h o
t o n
s  c
m−
2  
s−
1  
k e
V−
1 )
ESO 33−2 spectrum
10 100
1
2
r a
t i o
Energy (keV)
10−4
10−3
0.01
k e
V2
 
( P
h o
t o n
s  c
m−
2  
s−
1  
k e
V−
1 )
ESO 424−12 spectrum
1 10 100
0.5
1
1.5
2
2.5
r a
t i o
Energy (keV)
10−3
0.01
5×10−4
2×10−3
5×10−3
k e
V2
 
( P
h o
t o n
s  c
m−
2  
s−
1  
k e
V−
1 )
2MASXJ06403799−4321211 spectrum
10 1005 20 50
1
2
r a
t i o
Energy (keV)
12
10−4
10−3
0.01
k e
V2
 
( P
h o
t o n
s  c
m−
2  
s−
1  
k e
V−
1 )
IC 2461 spectrum
102 5 20 50
1
1.5
2
2.5
r a
t i o
Energy (keV)
10−4
10−3
0.01
k e
V2
 
( P
h o
t o n
s  c
m−
2  
s−
1  
k e
V−
1 )
Was 49 spectrum
1 102 5 20 50
0.5
1
1.5
2
2.5
r a
t i o
Energy (keV)
10−4
10−3
0.01
k e
V2
 
( P
h o
t o n
s  c
m−
2  
s−
1  
k e
V−
1 )
2MASSJ13393397+5546142 spectrum
102 5 20 50
1
2
3
r a
t i o
Energy (keV)
10−4
10−3
0.01
k e
V2
 
( P
h o
t o n
s  c
m−
2  
s−
1  
k e
V−
1 )
2MASXJ13532820−1123055 spectrum
10 100
0.5
1
1.5
2
r a
t i o
Energy (keV)
10−4
10−3
0.01
k e
V2
 
( P
h o
t o n
s  c
m−
2  
s−
1  
k e
V−
1 )
2MASXJ13541542−3746333 spectrum
1 102 5 20 50
1
2
3
4
r a
t i o
Energy (keV)
10−4
10−3
k e
V2
 
( P
h o
t o n
s  c
m−
2  
s−
1  
k e
V−
1 )
2MASXJ14190832+0754499 spectrum
1 10 100
0.5
1
1.5
2
2.5
r a
t i o
Energy (keV)
13
10−4
10−3
0.01
k e
V2
 
( P
h o
t o n
s  c
m−
2  
s−
1  
k e
V−
1 )
2MASXJ18570768−7828212 spectrum
1 102 5 20 50
0.5
1
1.5
2
2.5
r a
t i o
Energy (keV)
10−4
10−3
0.01
k e
V2
 
( P
h o
t o n
s  c
m−
2  
s−
1  
k e
V−
1 )
2MASXJ20214907+4400399 spectrum
10 100
0.5
1
1.5
2
2.5
r a
t i o
Energy (keV)
Figure 4. Chandra (black), NuSTAR (green and blue) and Swift-BAT (red) spectra (top) and data-to-model ratio
(bottom) of the fourteen sources in our sample.
